The complete 31 754 bp genome of bIL170, a virulent bacteriophage of Lactococcus lactis belonging to the 936 group, was analysed. Sixty-four ORFs were predicted and the function of 16 of them was assigned by significant homology to proteins in databases. Three putative homing endonucleases of the HNH family were found in the early region. An HNH endonuclease with zinc-binding motif was identified in the late cluster, potentially being part of the same functional module as terminase. Three putative structural proteins were analysed in detail and show interesting features among dairy phages. Notably, gpl12 (putative fibre) and gpl20 (putative baseplate protein) of bIL170 are related by at least one of their domains to a number of multidomain proteins encoded by lactococcal or streptococcal phages. A 110-to 150-aa-long hypervariable domain flanked by two conserved motifs of about 20 aa was identified. The analysis presented here supports the participation of some of these proteins in host-range determination and suggests that specific adsorption to the host may involve a complex multi-component system. Divergences in the genome of phages of the 936 group, that may have important biological properties, were noted. Insertions/deletions of units of one or two ORFs were the main source of divergence in the early clusters of the two entirely sequenced phages, bIL170 and sk1. An exchange of fragments probably affected the regions containing the putative origin of replication. It led to the absence in bIL170 of the direct repeats recognized in sk1 and to the presence of different ORFs in the ori region. Shuffling of protein domains affected the endolysin (putative cell-wall binding part), as well as gpl12 and gpl20.
INTRODUCTION

Phages of
The GenBank/EMBL/DDBJ accession numbers for the sequences reported in this paper are bIL170, AF009630 ; bIL120, AY054975 ; bIL15, AY054976 ; bIL191, AY054977 ; bIL77, AY054978.
phage DNA penetration or phage intracellular development. However, probably due to dynamic evolution of the phages, phage attacks remain a persistent problem (Forde & Fitzgerald, 1999) . Lactococcal phages isolated from the dairy environment essentially belong to the Siphoviridae superfamily and fall into three prevalent groups of DNA homology, designated c2, 936 and P335 (Jarvis et al., 1991) . bIL170 belongs to the 936 group of lactococcal phages, known to contain only virulent phages that are closely related as observed by DNA hybridization experiments (Jarvis et al., 1991) . The c2 group has the same features, whereas the P335 group A.-M. Crutz-Le Coq and others contains mainly temperate phages that are not necessarily closely related at the DNA sequence level (Chopin et al., 2001) . In the 936 group, only a few genomic segments (essentially encoding the holin, lysin, major structural protein, structure-specific endonuclease and ori fragment) have been studied experimentally (Bidnenko et al., 1998 ; Chandry et al., 1997 ; Chung et al., 1991 ; Kim & Batt, 1991a) . In the c2 and P335 groups, a number of structural proteins have been experimentally characterized as well as endolysins, origins of replication and transcriptional regulators, or the lysogeny module in the case of temperate phages (see Table 2 for selected references).
Important biological characteristics of the phages, such as host range or sensitivity to bacterial resistance mechanisms cannot be drawn simply from the group they belong to. The prediction of such traits will come from a better understanding of the molecular biology of the phage life cycle, phage-host interactions and comparative sequence analysis. Indeed, the acquisition and the analysis of sequence data have an impact on our understanding of phage biology at different levels : population structure, evolution, taxonomy and prediction of gene function. Past years have seen an accumulation of complete genome sequences from lactococcal phages and also from a large set of phages infecting other hosts. Since the first proposal of the modular theory of phage evolution in 1980, comparative genomics has highlighted a common scheme of modular genetic organization among various phages infecting Gram-positive or Gram-negative bacteria (Casjens et al., 1992 ; Hendrix et al., 1999) : genes are organized in functional modules (carrying out particular biological functions) that can be exchanged between phages having access to a common gene pool. The modules can be entire sets of genes or single genes, but also gene segments encoding distinct protein domains as already stated for streptococcal phages (Neve et al., 1998) . Brussow & Desiere (2001) proposed a lambda supergroup of Siphoviridae, to which the lactococcal phages of the 936 group belong, as well as some other dairy phages occupying the ecological niche of the dairy environment, and for which a relative conservation of gene order was noted, especially in the late cluster. The relative conservation of gene maps can be useful for extrapolating and predicting gene function for distantly related phages even showing little or no regions of homology. However, individual variation among closely related phages is also a key element in sequence analysis, likely to help in determining functional modules, especially those involved in host-range specificity.
Among lactococcal phages of the 936 group, the complete genome sequence of phage sk1 has been determined (Chandry et al., 1997) and DNA portions larger than 5 kb have been sequenced for two other phages, F4-1 and bIL41 (Chung et al., 1991 ; Kim & Batt, 1991b ; Parreira et al., 1996b) . To further our knowledge of the genetics and evolution of this group of virulent lactococcal phages, we undertook the sequence analysis of phage bIL170. We focused on gene function prediction by analysis of protein families, identification of domains of proteins potentially involved in host specificity and on the main points of divergence with the closely related phages of the 936 group.
METHODS
Phages, bacterial strains, DNA and media. Lactococcal phages used in this study (bIL170, bIL15, bIL77, bIL120, bIL191) are from our collection and belong to the 936 group as determined by DNA hybridization (B. Cesselin, unpublished results). They were propagated on appropriate Lactococcus lactis strains (IL1403 for bIL170) at 30 mC in M17 broth supplemented with 5 g glucose l − " and 10 mM CaCl # (Bidnenko et al., 1995) . Escherichia coli XL1-Blue MRFh (Stratagene), transformed with pBluescript derivatives, was cultivated in Luria-Bertani broth (Maniatis et al., 1982) with 100 µg ampicillin ml − ".
Phage DNA was obtained from purified phage preparations essentially as described for lambda (Maniatis et al., 1982) . Phages were concentrated by PEG precipitation from 0n45 µm-filtered cell lysates and purified by CsCl gradient (Maniatis et al., 1982) . For use in sequencing reactions, phage DNA was dialysed against water. PCR products for sequencing were purified using the QIAquick Purification Kit (Qiagen).
Library construction and DNA sequencing. A two-step strategy was used for sequencing the complete bIL170 genome. First, a random library of phage DNA fragments was constructed in E. coli. Sequencing approximately 120 clones with inserts larger than 0n35 kb led to the determination of about 70 % of the genome. The sequence was then completed by direct sequencing of the missing parts on the phage DNA. The library of bIL170 DNA fragments was constructed as follows. Phage DNA was partially digested with Tsp509I and fragments from 0n4 to 0n8 kb were purified and cloned into pBluescript-II SKj linearized with EcoRI and dephosphorylated. After electroporation of E. coli XL1-Blue MRFh, transformants were selected on LB agar plates with 100 µg ampicillin ml − " and 8 µg X-Gal ml − ".
DNA was sequenced with the Dye Terminator Cycle Sequencing Ready Reaction (Taq FS) Kit or the Big Dye terminator Prism Ready Reaction Kit from PE-Applied Biosystems and the Applied Biosystems sequencers ABI-373 or ABI-3700. Sequencing reactions were performed on Thermal Cyclers 2400 or 9600 (Perkin Elmer) according to the manufacturer's protocol with the following modifications for direct sequencing on phage DNA. An initial denaturation step at 95 mC for 3 min was added and the primer concentration was raised to 0n5 µM. Synthetic oligonucleotides complementary to portions of the multiple cloning site of pBluescript were used for sequencing cloned inserts. Primers designed from phage DNA sequence were between 18 and 21 nt long with an estimated T m above 52 mC. Sequence through the cos site was determined after ligation of the phage template. The degenerate primers L12N and L12C (see below) used for PCR amplification of l12-like fragments were also used in sequencing reactions at a concentration of 1n5 µM.
PCR amplification. DNA fragments corresponding to V domains of gpl12-like proteins were amplified using degenerate oligonucleotides complementary to conserved flanking regions, L12N (5h-AAYGCWATGGCWAARGCDAC-3h) and L12C (5h-CATHGGWARCCAYTTRTARTC-3h) in domains A and B of gpl12 of bIL170 respectively (see Fig. 6a Genome organization of phage bIL170, GjC content and comparison at the nucleotide level to the closely related sk1 phage. The genome of bIL170 (31 754 bp) is represented linearized at the cos site. ORFs are depicted by leftward or rightward oriented arrows according to the direction of transcription in the late (l1-l22), early (e1-e37), middle (m1-m4) and ori (orfO) regions. Putative functions of gene products are indicated. GjC content calculated with two different parameters of windows is reported on the graphs at the top. The bar below the ORFs shows the identity of bIL170 at the nucleotide level with sk1 belonging to the same 936 group : in black, regions sharing more than 80 % identity with sk1 ; in grey, those sharing 65-80 % identity ; in white, regions with less than 65 % identity. Indels are indicated as follows : portions of DNA absent in sk1 are represented by dotted lines, additional DNA (more than 15 bp) in sk1 are indicated by triangles at the relevant positions. The genome of sk1 (28 451 bp) is represented at the bottom as entered in the GenBank reference, at the same scale as that of bIL170. ORFs not previously described (npd) have been included. ORFs with no homologous counterparts in the other genome are represented with thick lines. each primer, 0n2 mM each dNTP, 2n2 mM MgCl # and 1n25 U Taq polymerase. Phage lysates (0n5 µl) were used as templates. Reactions were performed using DNA Thermal Cycler 2400 or 9600 (Perkin-Elmer) in a total volume of 50 µl. Computer analysis. DNA sequence was assembled with the Development Assembly Program of Staden (1996) and analysed mainly with the GCG software (Wisconsin Package, Genetics Computer Group, Madison, WI, USA). Nucleotide composition of the linear genomes was analysed with the program used for L. lactis (Bolotin et al., 1999) with a window of 2 kb and a step of 0n5 kb except where otherwise indicated in Fig. 1 . Criteria applied for identifying putative genes were length of ORFs ( 30 codons), translation initiation signals [start codons ATG, TTG, GTG, ATA or ATC, preceded by a ribosome-binding site at least partly complementary to the 3h end of 16S rRNA of L. lactis (3h-UCUUUCCUCCA-5h)] (Ludwig et al., 1985) and minimizing intergenic regions or overlap of genes. The start codon for l12 was assigned to nt 6854, even though no ribosome-binding site nor potential translational coupling were recognized at that position, because of the homology of the gene product to other phageencoded proteins. l7 is included within l6, deduced from an alternative downstream start codon, which was suggested by the analysis of structural proteins of the closely related phage F4-1 (Kim & Batt, 1991b) and confirmed by indirect experimental evidence (Parreira, 1996) . orfO, although in an unexpected orientation relative to surrounding genes, was retained as a putative gene because of the presence of a putative promoter for its expression and its estimated coding probability with the GeneMark program. Note that e2, e10, e19, e21 and e29 showed a coding probability under 0n5 with the L. lactis matrix of the GeneMark gene prediction software (Borodovsky & McIninch, 1993) .
Predicted proteins were compared to sequences in the PDB, SWISS-PROT and PIR protein databases as well as the GenBank translations with the aid of the  network service at the NCBI. Prodom and Pfam protein domain databases were also used. Coiled coils were predicted by the  program at ISREC (http :\\www.ch.embnet.org\ software\COILSIform.html).
RESULTS AND DISCUSSION
Sequence and organization of the phage bIL170 genome
Phage bIL170 was shown by restriction analysis to possess a genome of 32 kb with cohesive ends (data not shown). By a combination of shotgun cloning and genomic DNA sequencing, a linear sequence of 31 754 bp was established with a mean redundancy of five, each region being sequenced at least once on both strands. The global GjC content of the bIL170 genome (34n3 mol %) was similar to that of the lactococcal host (35n4 mol %) (Bolotin et al., 1999) and of the other sequenced lactococcal bacteriophages (see Table 2 for a non-exhaustive list).
The phage bIL170 genome map is presented in Fig. 1 . Sixty-four putative genes, listed in Table 1 , were determined by taking into account the criteria listed in Methods. Sixty-three are organized in three clusters corresponding to the early (37 ORFs), middle (4 ORFs) and late (22 ORFs) regions determined by transcriptional studies (Parreira et al., 1996a) . They are named according to the cluster they belong to (e, m and l for early, middle and late genes, respectively). The last ORF, orfO, is located in the region containing the putative origin of replication, on the opposite strand to the early genes.
Nucleotide comparison with other phages of the 936 group
As expected, since they belong to the 936 group that is known to be homogeneous at the DNA level, the two entirely sequenced phages, bIL170 and sk1 (Chandry et al., 1997) , share the same overall genetic organization and are highly similar at the nucleotide level (more than 84 % nt identity over 80 % of the shortest genome length). However, regions of high levels of DNA homology are interspersed with regions of lower or no similarity (Fig. 1) . Genetic diversity is mainly due to insertions\deletions (indels) and to likely exchanges of fragments covering part of ORFs, entire ORF(s) or noncoding regions. Analysis of GjC content throughout the bIL170 genome revealed a globally higher GjC content in the late region than in the early region (Fig. 1 , first line) but did not make it possible to identify sets of ' exogenous ' genes ( Fig. 1, second line) . The 800 bp minimal region of sk1 able to function as a L. lactis plasmid origin of replication (Chandry et al., 1997) is overlined. Rectangles and lines represent coding and non-coding regions respectively. Homologous regions between sk1 and bIL170 ( 85 % nt identity) are highlighted in black (heavy lines for non-coding regions). An identical stretch of 28 bp is boxed. The other regions show no detectable homology between the two phages. Reported direct repeats in sk1 (Chandry et al., 1997) are indicated (DR 1 , 67 bp imperfect repeats ; DR 2 , region of three pairs of small direct repeats) as well as transcription signals (dotted-line and plain-line arrows for putative and experimentally determined promoters, circles for putative transcription terminators).
The functions encoded by the late gene cluster seem to be particularly well conserved since 18 ORFs out of 22 share more than 90 % aa identity over their whole length (Table 1) . Such a high level of conservation is also observed with phages bIL41 and F4-1 (not shown), for which 10 kb and 6 kb sequences, covering part of the late cluster, are available respectively. The middle gene cluster is also highly conserved. Divergence is higher in the early gene cluster, where 15 bIL170 ORFs out of 37 share less than 90 % aa identity with their homologues in sk1 and 11 ORFs have no homologous counterpart in sk1. Among them, three correspond to putative homing endonucleases and seven are likely to be encoded within indels. Excluding putative homing endonucleases, a total of 13 ORFs are probably encoded within indels among sk1 and bIL170. Direct repeats were observed at the boundaries of two large indels (CTTTCATT in sk1 orf28 ; imperfect 80 bp repeat in bIL170 e16). The target of insertion seems to be within an ORF (sk1 orf26) in one case (see Fig. 1 ).
A fragment containing a functional origin of replication in L. lactis has been identified in sk1, at the beginning of the early region (Chandry et al., 1997) . Comparison with the putative corresponding ori region of bIL170 provides an example of an exchange fragment, leading to different structural features in the two phages. The fragment is clearly identified by a sharp transition from high to no sequence similarity (Fig. 2) . The main reported features of the minimal sk1 fragment able to provide a L. lactis plasmid origin of replication are absent from the bIL170 fragment, namely the 5h end of orf47, tentatively suggested to be the origin-binding protein, one unit of the large DR " direct repeats (67 bp) and a series of small direct repeats (DR # ) (Fig. 2) . It is noteworthy that the other unit of DR " repeats, which is outside the minimal sk1 ori fragment, is also absent from bIL170 because of a small deletion just encom- Table 2 for accession numbers). The direction of transcription is indicated by arrows at the bottom of each graph. GC and AT skews were calculated as %(CkG/CjG) (shown as thick lines) and %(AkT/AjT) (shown as thin lines), respectively. Excess of G over C in one part of the strand leads to negative value along that part.
passing it. Additional ORFs were predicted in bIL170, among which is orfO, which is putatively transcribed in the opposite direction to the early genes. However, the fragment does retain an AjT-rich composition (71 mol %) expected for an ori segment as well as a stretch of 28 bp that is perfectly conserved between the two phages but is of unknown function. Differences in the ori region have also been noted for lactococcal phages of the c2 group (bIL67\c2) (Waterfield et al., 1996) . Interestingly, exchange of the ori region was obtained in mutant phages of the P335 group challenged with an abortive infection mechanism (Bouchard & Moineau, 2000) .
Intra-strand compositional bias in the genome of dairy phages
We examined the bIL170 genome for GC and AT skews (deviation from G l C and A l T frequencies for each strand of the DNA). This type of intra-strand compositional bias and its sharp transition in two regions of the genome has been used to locate origins and termini of replication in bacteria including L. lactis (Bolotin et al., 1999 ; Lobry, 1996) . The genome of bIL170 divides into two parts (Fig. 3 top panel) with predominance of G over C as well as A over T along the late and middle gene cluster (coding strand), and predominance of C over G as well as T over A in the early gene cluster (non-coding strand). GC and AT skews switch polarity in two regions, around coordinates 17 kb and 30 kb. From our analysis of other lactococcal and streptococcal phages (two are shown on Fig. 3 , lower two panels), we conclude that these switches are likely to correspond to a coding strand switch. Indeed, preference of G over C has also been observed to correlate with coding strands in the genome of bacteriophages lambda and T7 (Mrazek & Karlin, 1998) .
Database similarity searches for assignment of putative functions to the ORFs
Sixty-four ORFs listed in Table 1 were detected in the genome of bIL170. To attribute a function to the gene products, they were compared to sequences from databases using the  program. Synteny relationships are mentioned when they emphasize the function assignment suggested by homology. The results of such an analysis focused on gene order, made by Chandry et al. (1997) as well as Desiere et al. (2001) with sk1, are summed up in Fig. 1 (under the sk1 genome line). Names of dairy phage ORFs cited throughout this paper are those attributed by the authors in the GenBank references listed in Table 2 . The products of the putative genes are given the prefix gp.
Forty-eight bIL170 ORFs remain of unknown or uncertain function. We left e5 and e12 among the latter. Genes e5, e6 and e7 in bIL170 are organized similarly to orf3, orf4 and orf5 in bIL67, which were suggested to encode the phage DNA polymerase on the basis of conserved aa motifs (Schouler et al., 1994) . gpe5 of bIL170 shares 41 % identity with gp3 of bIL67. However, the divergence between gpe6-like proteins in the closely related phages bIL170 and sk1 (only 33 % identity) is unexpected for a subunit of the core polymerase itself. gpe12 seems to be a two-domain protein and shares 70 % identity over a large N-terminal portion with gp11 from TP901-1, itself reported to be slightly similar to topoisomerase I from Mycoplasma (Madsen & Hammer, 1998) . However, gpe12 does not appear to be related to topoisomerases in our database searches and topoisomerase I is a much longer protein than the phage proteins. Interestingly, the two phage proteins diverge in the C-terminal parts : a coiled-coil (often involved in dimerization or interaction with other partners) is predicted only in the bIL170 gene product and not in gp11 of TP901-1 (not shown).
The putative function of 16 ORFs of bIL170 was assigned by significant similarity to proteins with a proposed or experimentally determined function (Table  1) . They are detailed in the remaining paragraphs according to their functional category. Structural genes Structural proteins (Chung et al., 1991 ; Kim & Batt, 1991a) (Lubbers et al., 1995) , origin of replication (Waterfield et al., 1996) , lysogeny (Nauta et al., 1996) (Johnsen et al., 1996 ; Johnsen et al., 1995 ; Pedersen et al., 2000) , replication (Ostergaard et al., 2001) , lysogeny (Breuner et al., 1999 ; Christiansen et al., 1996) (Kakikawa et al., 1996) , lysis (Oki et al., , 1996 phi adh Lactobacillus gasseri AJ131519* Lysis (Henrich et al., 1995) , structural proteins and origin of replication (Altermann et al., 1999) 
A2
Lactobacillus casei X97563 Terminase , lysogeny (Alvarez et al., 1998 ; Garcia et al., 1999) , origin of replication (Moscoso & Suarez, 2000) * Complete genome sequence. † Genome sequence complete in AF176025 (in which gp1904 becomes gp18).
were examined in view of their potential role in hostrange determination.
DNA endonucleases
Phages with a genome over 20 kb are known to possess a number of bona fide endonucleases (e.g. lambda) and sequence analysis helps detect unknown proteins that are structurally related to them. In phage bIL170, we found four proteins with typical motifs of HNH endonucleases and one protein belonging to the RuvC family.
gpm3 of bIL170 shares more than 85 % identity with gp3 of the middle operon in the closely related phage bIL66. gp3 of phage bIL66 has been shown to express a structure-specific endonuclease activity (Bidnenko et al., 1998) . Structure-specific endonucleases cleave branched DNA structures generated during replication or recombination. They belong to different structural families and could have diverse physiological roles in replication, recombination, repair, maturation or packaging of phage DNA. gp3 of bIL66 is homologous to the E. coli RuvC Holliday-junction resolvase (Bidnenko et al., 1998) and has been shown to be involved in phage Sequence analysis of lactococcal phage bIL170 sensitivity to the AbiD1 abortive infection mechanism (Bidnenko et al., 1995) . Its exact role in phage development is still unknown, but it is most probably essential for phage multiplication under certain conditions (Bidnenko et al., 1995) .
gpe11, gpe20 and gpe37 share homology with a number of endonucleases of the HNH family ( Table 1 and Fig. 4a) . Actually, gpe11, gpe20 and gpe37 seem to belong to a subfamily of proteins exhibiting an HNN rather than an HNH motif (Fig. 4a ) and mainly found in phages infecting Gram-positive hosts (Dalgaard et al., 1997 ; Foley et al., 2000) . Members of the HNH family can be found as free-standing ORFs between genes or encoded within introns or inteins. Most of them are homing endonucleases, involved in the mobility of their own genes or of the introns\inteins in which they are targeted (for a review see Chevalier & Stoddard, 2001 ). All phage hits obtained with the bIL170 gene products are intron-encoded homing endonucleases Lazarevic et al., 1998 ; Mikkonen & Alatossava, 1995 ; van Sinderen et al., 1996) . Their degree of similarity with the three gene products of bIL170 (25-40 % over at least half of the length of the proteins) and the absence of homologues in sk1 strongly suggest that gpe11, gpe20 and gpe37 are related to homing endonucleases. Comparing bIL170 with sk1 (see Fig. 1 ) revealed no interruption of the adjacent ORFs by the endonuclease genes, suggesting that they could occur in free-standing form and not as part of an intron. gpe11, gpe20 and gpe37 are not closer to each other (30-35 % identity) than to other members of the HNN subfamily (25-40 % identity), suggesting that each of the ORFs has arisen independently in the bIL170 genome. Their function in the phage cycle and\or the reason for their maintenance in such compact genomes is intriguing. In the case of Bacillus subtilis phage SP82, the intron-encoded endonuclease has been shown to confer a selective advantage on intron-flanking markers during mixed infections with SP01 (GoodrichBlair & Shub, 1996) . gpl3 presented both the signature of the HNH endonuclease family and a potential zinc-binding domain
. A number of proteins reported by different authors (Gorbalenya, 1994 ; Dalgaard et al., 1997 ; Smith et al., 1999 ; Aravind et al., 2000) exhibit the same structural feature as gpl3, that is two couples of putative zinc ligands bracketing the ' HN part ' of the HNH motif, defining a potentially zinc-binding subfamily of HNH-related proteins. Some of them are part of introns (probably as homing endonucleases) whereas others are free-standing phage-or bacterial-encoded ORFs. Their exact role in the host organism is likely to depend on the target of the endonuclease activity, if any. This subfamily comprises many sequence-specific endonucleases (like the homing endonucleases and some restriction enzymes such as the methylcytosine-specific McrA of E. coli) but also, as identified recently, a structure-specific endonuclease, endonuclease VII, of phage T4, a well-studied Holliday-junction resolvase (Aravind et al., 2000) (see Fig. 4b ). HNH proteins are found both in phages infecting Gram-positive and Gram-negative bacteria and are potentially involved in different stages of phage development ; the role of most of them is unknown, with the notable exception of endonuclease VII of phage T4, which is involved in phage DNA packaging (Golz & Kemper, 1999) . In our view, the lambda rap gene product (Fig. 4b) could also belong to this family. rap encodes a structure-specific endonuclease that is involved in phage recombination (Sharples et al., 1998) . Located in the nin non-essential region of lambdoid phages, it seems to be a (nonhomologous) alternative to rusA-like genes, also encoding structure-specific endonucleases (Hendrix et al., 1999) . In the zinc-binding HNH family, we point out phage gene products (including gpl3 of bIL170), whose genes are adjacent to sites involved in phage DNA packaging and encode rather small proteins ( Fig. 4b and  4c ). They could be included in the same functional module as terminases and are possibly involved in phage DNA packaging. If so, they could theoretically act either as site-specific endonucleases, playing a role analogous to the cutting (a priori large) subunit of the terminase, or (our preferred hypothesis) as structure-specific endonucleases clearing branched replicative DNA prior to packaging, as the endonuclease VII from phage T4 associated with the so-called packasome (Golz & Kemper, 1999) . In the latter case, phage bIL170 would possess two structure-specific endonucleases, one of the RuvC family (gpm3) and the other of the HNH family (gpl3).
Morphogenesis
Structural proteins. gpl6, gpl7 and gpl13 are highly conserved ( 85 % aa identity) among phages of the 936 group [F4-1, sk1 and bIL41 (only partial sequence for l13 from bIL41)] and would correspond to structural proteins characterized for phage F4-1. gpl6 and gpl7 corresponds to the P43 and P35 minor structural proteins of F4-1 (Kim & Batt, 1991b) and gpl13 corresponds to the major structural protein (Chung et al., 1991) . Synteny relationships observed with lambda and among dairy phages have led to the proposition that gpl13-like proteins are major tail proteins (Chandry et al., 1997 ; Brussow & Desiere, 2001) . gpl4 is homologous to putative portal proteins, a function also confirmed by synteny relationships (Brussow & Desiere, 2001 ). Other identified structural proteins, gpl12, gpl20 and gpl16, are discussed in separate paragraphs.
Packaging. gpl1 and gpl2 are very likely to be involved in maturation and packaging of phage DNA as terminase subunits. In double-stranded DNA bacteriophages, terminase is usually composed of a so-called small subunit, responsible for specific DNA binding, and a large subunit responsible for cutting the phage DNA into genome units and for prohead binding. gpl1 and gpl2 share 95 % identity with the first two gene products of the late cluster of phages bIL41 (Parreira et al., 1996b) and sk1 (Chandry et al., 1997) , which were proposed to encode the small and large subunits of the Amino acids that are identical or similar in at least one third of the sequences are shaded black or grey, respectively. Numbers within the alignments indicate the numbers of aa residues not shown at that position. Numbers at the left and at the right of the alignments indicate numbers of residues preceding the aligned sequences and total number of residues in the proteins respectively. (b) HNH proteins with zinc-binding motif. First block : conserved motif between McrA, a restriction endonuclease, and the His-acid cluster of endonuclease VII (gp49) of phage T4, a Holliday-junction resolvase. Residues involved in the cleavage activity of endonuclease VII are indicated by asterisks under the sequence. Second block : phage proteins. Those whose gene maps close to packaging sites are bracketed (see panel c). The shading of amino acids is the same as in (a) with an additional dark-grey shading for amino acids commonly found at that position in other HNH proteins. Columns of residues potentially involved in zinc liganding are underlined. Note that proteins highly homologous to gp46 of DT1 (gp3 of L. lactis phage phi 31, gp170 of Sfi19, gp175 of Sfi21, gp20 of phi 7201) or gpl3-like proteins in other phages of the 936 group are not shown here. gp2j of phage A2 is the product of a modified orf2, corrected arbitrarily for two frameshifts to maximize homology in the C terminal part. gp19 of phi 105 was probably misannotated as holin in GenBank reference L35561. (c) Potential functional modules including an HNH endonuclease (in black) and subunits of terminase (in grey ; S, small subunit). (Blackburn & Clarke, 2001) . ORFs related to gp1560 of Sfi21 are represented by arrows for each indicated phage. The location of transglycosylase motifs are indicated by the grey boxes. gpR1608 in phi g1e, a minor structural protein , is probably a tail tape measure protein (Desiere et al., 2000) and misannotated as a capsid protein.
IP
Bottom block : Slt subfamily (Blackburn & Clarke, 2001) . Residues conserved among both subfamilies, belonging to the same superfamily, are indicated by asterisks.
terminase respectively. gpl2 exhibits expected Walker's A and B motifs for ATP binding, and fits well in the multiple sequence alignment of terminases (not shown) (Smith et al., 1999) .
Cell lysis
Cell lysis most probably relies on gpl21 and gpl22, as holin and endolysin respectively. gpl21 is highly homologous to the sk1 holin (Chandry et al., 1997) and exhibits structural characteristics such as two predicted transmembrane helices and a highly charged carboxy terminus. gpl22 is composed of two domains, as expected for lytic enzymes ; an N-terminal domain possessing catalytic activity and a C-terminal one involved in substrate binding (Garcia et al., 1990) . The N-terminal moiety (first 160 aa) is highly similar to the N moiety of endolysins in the closely related phages sk1 (Chandry et al., 1997) and phi US3 (Platteeuw & de Vos, 1992) . It has a catalytic activity of the amidase type since it shares 50 % identity with a central region of two different amidases from staphylococcal phages, LytA (Wang et al., 1992) and PlyTW (Loessner et al., 1998) . The C-terminal part of gpl22 shared 50 % identity with that of endolysins encoded by lactococcal phages of the c2 and P335 groups. The bIL170 endolysin looks as if it is a chimera between the catalytic N-terminal domain shared by phages of the 936 group and a C-terminal domain found in other lactococcal phages. Such natural chimeras have been found in different bacteriophages (Fastrez, 1996 ; Sheehan et al., 1997) and are likely to play a role in evolution of host range.
Tail tape measure protein
The longest gene product encoded by bIL170 is gpl16. It is related to a number of phage proteins (Table 1) , generally also among the longest encoded by the phages, most of them assumed to be functional analogues of the tail tape measure protein (gpH) of phage lambda. This protein is involved in the determination of tail length (Katsura & Hendrix, 1984) , being used as a template for tail polymerization and remaining inside the tail tube. Although the amino acid conservation is poor between proteins of distantly related phages, analysis of the synteny among dairy and other phages (Brussow & Desiere, 2001 ; Chandry et al., 1997) emphasized the function assignment. The first experimental evidence among lactococcal phages was recently obtained for gp45 (TMP) of phage TP901-1 (Pedersen et al., 2000) . Surprisingly, gpl16 of bIL170 also shows low aa identity (Table 1) with a large gene product from lactococcal phages of the c2 group (gpl10 of c2, gp31 of bIL67) located by immunomicroscopy at the tip of the tail and proposed to encode the tail adsorption protein (Lubbers et al., 1995 ; Schouler et al., 1994) . The latter should thus be an analogue of the tail tip protein gpJ of lambda, which is involved in the adsorption of the phage to its host. Significant  E values and low amino acid identity may simply reflect a common structure of the fibrous type, expected for a tail fibre or a tail length template protein. Other hypotheses are that the function may have been wrongly attributed in the case of the c2 gene product, as suggested by Desiere et al. (2001) , or that the same structural protein can serve several functions depending on the phage. Immuno-detection of the tail tape measure in preparations of phages c2 may have resulted from a deterioration of the baseplate (rendering the tape measure protein accessible) or to the real accessibility of this protein beyond the baseplate in these phages. gpl16 in bIL170 and its gp14 homologue in sk1 show some divergence (mainly deletion but also lower aa conservation) in their central region. It is a characteristic shared with other pairs of highly conserved tail tape measure proteins in dairy phages, as gp1560, gp1626 and gp15 in Sfi21, Sfi19 and DT1 respectively (Lucchini et al., 1999) . Interestingly, it is also true for the gpl10\gp31 Sequence analysis of lactococcal phage bIL170 pair in c2\bIL67 (Lubbers et al., 1995) . In contrast, some of these proteins share a conserved domain that is not detected in gpl16\gp14 in bIL170\ sk1, which appears to have the features of lytic transglycosylases (Lehnherr et al., 1998) , as do other phage proteins (Fig. 5) . It has been proposed, and very recently demonstrated for phages T7 and PRD1 (Moak & Molineux, 2000 ; Rydman & Bamford, 2000) , that phage-encoded transglycosylase activity may help the process of infection probably by partial lysis of the bacterial peptidoglycan. Provided it comes into contact with the bacterial peptidoglycan in the infection process, transglycosylase activity can be borne by various proteins in virions. For example, in the T7 virion, the protein involved is an internal protein. It seems that for some of the dairy phages (Sfi21, phi adh and phi g1e), this function could be encoded by the same gene as the predicted tape measure protein. In other dairy phages, the activity is encoded within an adjacent gene, as in DT1 (see Fig. 5 ). In the P335-type lactococcal phage TP901, a function of endopeptidase has been predicted for a protein different from the tape measure protein (Brondsted et al., 2001) . Whether a cell-wall hydrolase activity, fulfilling a function different to the endolysin involved in cell lysis at the end of the phage cycle, is also present in bIL170 and other virulent lactococcal phages, but not yet detected by sequence analysis, remains to be determined.
Modular structural proteins
gpl12 and gpl20 are each related to a number of late products found in lactococcal or streptococcal phages with different proposed functions and\or localization in the virion. To analyse more accurately the homology relationships, we split up the proteins into homologous domains. The complex pattern of similarity reflects the modular structure of these proteins, schematized and classified into four families in Fig. 6(a) . gpl12, a putative fibre. gpl12 shares at least one homologous domain with three families of proteins (I to III, Fig. 6a ). It is highly similar to a ' neck passage structure ' protein (NPS, gp51) of TP901-1 (Brondsted et al., 2001) . E, 35-80 % ; F, 55-75 % ; G, 60-90 % ; H, 45-75 % ; I, 40-90 % ; J, 40-95 % ; L, 30-35 %. Domains found in proteins of different groups are indicated by hatched segments. Conserved motifs VS1 (N-proximal) and VS2 (C-proximal), delimiting V domains, are shown as black boxes topped by leftward-and rightward-oriented triangles respectively (white triangles without black box for truncated motifs). A putative conserved region alternative to VS1 is indicated by a dark grey box. Representation of the proteins has been simplified : in particular the existence of some repeated regions in proteins of family III (including collagen-type repeats) is not reported. Note that Duplessis & Moineau (2001) designated VR1 the Va domain of gp1276 in Sfi21 and VR2 the Vg, Vi and Vj domains in streptococcal phage proteins. (b) VS1 and VS2 conserved motifs delimiting V domains. Top panel : identical aa in more than two thirds of the sequences are shaded in black. In italics, a complete VS2 motif observed just after a truncated motif. Part of the conserved motif reported by Duplessis & Moineau (2001) at the end of collagen-type repeats in the streptococcal phage proteins is boxed (named here CRR). Bottom panel : aa residues preceding some variable domains in streptococcal phage proteins. Those conserved with VS1 are shaded in black. Numbers within the alignments indicate the numbers of aa residues not shown at that position. This protein, localized by immuno-microscopy, could be associated with thin fibres at the collar (Johnsen et al., 1995) , reminiscent of the whiskers of phage T4. However the exact role of the protein in the life cycle of TP901-1 remains to be determined. Both proteins seem to be composed of three domains, as are other similar proteins constituting family I (Fig. 6a) . They all exhibit, between two constant parts (A and B in Fig. 6a ), an internal variable (V) domain. gpl12 is also related, but only by its V domain, to other putative fibres (family III) from streptococcal and P335-type lactococcal phages, as well as to minor structural proteins (not localized) from lactococcal phages of the c2 group (Lubbers et al., 1995) . Family III is the most heterogeneous and comprises large multi-domain proteins with collagen-type motifs (repetitions of GXX), reminiscent of the long tail fibres of coliphages by their mosaic organization and assumed to be involved in host specificity (Boyce et al., 1995 ; Chopin et al., 2001 ; Lucchini et al., 1999 ; Tremblay & Moineau, 1999) . Whether they are indeed fibres remains to be determined experimentally but their direct involvement in hostrange determination was recently demonstrated for gp18 of phage DT1 (Duplessis & Moineau, 2001 ). The high level of conservation of their primary structure suggests that gene products of family I, including gpl12 of bIL170, are likely to adopt the same structure as gp51 of TP901-1, even though they may have a different location in the virion.
Variable domains. Variable domains, about 110-150 aa long, flanked by two different stretches of about 20 well conserved amino acids each, designated VS (for Vdomain Signature), were observed in proteins of families I to III. In some cases, variable regions may have lost one or both of their VS signatures (eg, last four of family III in Fig. 6a ). The sequence polymorphism of the central region in gpl12-like proteins from lactococcal phages of the 936 group was assessed by sequencing that part in other phages of this group. We defined a new type of V domain when it shows no significant homology, that is less than 25 % aa identity on its whole length, with the others. Four types of V domains were found in gpl12-like proteins from phages of the 936 group and 11 throughout all groups of structural proteins (Fig. 6a). A.-M. Crutz-Le Coq and others
The Va-type of V domain seems to be the most widespread. V domains are involved in host specificity of streptococcal phages : Lucchini et al. (1999) pointed out a correlation between host range and variability in gp695 of Sfi11 and homologues in Sfi21\Sfi19, O1205 and DT1, which fall in the domain designated Vi in gp695 and positional equivalents in other proteins (see Fig. 6a ). As elegantly demonstrated by Duplessis & Moineau (2001) , the V domain of gp18 (which they designated VR2 and we name Vj in Fig. 6a) is responsible for the host-specificity of phage DT1 as anti-receptor. V domains are clearly reminiscent of the receptor-recognizing domains of long tail fibres of T-even phages. For instance, receptor specificity of T4-type phages was shown to be associated with an area of 70-100 aa in gp37 and homologues, variable in sequence and often flanked by conserved direct repeats of 14 aa (Montag et al., 1990) . In streptococcal and P335-type lactococcal phages (family III), two types of motifs can be observed in the vicinity of V-domains : repetition of collagen-type motifs followed by a stretch of conserved amino acid residues (Duplessis & Moineau, 2001 ) -conserved amino acids that we will designate here CCR -and VS signatures described in this paper (Fig. 6b) . Actually, VS1 and CCR overlap (Fig. 6b) . Interestingly, gpl15 in phage c2 exhibits both CCR and VS1, but no collagen-type repeats, which were only found in proteins of family III. The role of these conserved motifs is unknown. As observed for CCR in streptococcal phages (Duplessis & Moineau, 2001) , we observed that VS motifs are less conserved at the nucleotide level : in particular VS1 motifs identical in aa for bIL41 and bIL170 diverge at the nt level. gpl20, a putative baseplate protein. gpl20 in bIL170 and the probable orthologue in sk1 (gp18) are made up of two domains. They could be two different versions of baseplate proteins, related to the baseplate protein (BBP, gp49) experimentally identified in the lactococcal phage TP901-1 (Pedersen et al., 2000) . The latter polypeptide, essentially composed of a single domain, is homologous to the C-terminal part of gp18 of sk1 with which it shares 35 % aa identity. They constitute family IV (Fig.  6a) . They appeared to be related to family III by one of their domains (L and J, Fig. 6a) .
A multi-component system potentially involved in hostrange determination in dairy phages. The exact nature of V-domain-containing proteins in dairy phages awaits further determination. None of them have had both their localization and function experimentally determined ; V domains are part of proteins with different primary structures and maybe with different locations in the virion. Interestingly, large gene products of family III (putative tail fibres) seem to gather domains found in baseplate proteins (eg. gp49 of TP901-1) and variable domains found in families I and II. Although the V domain of gp18 has been characterized as an essential host-range determinant for DT1 (Duplessis & Moineau, 2001) , the authors are aware of other phage factors also involved in host specificity, either inside (for example other variable domains) or outside gp18-like proteins in streptococcal phages. Our bioinformatic analysis of families of multi-domain structural proteins in dairy phages also suggests that specific recognition of the cell by dairy phages may involve different partners. The constellation is not completely described here since other proteins, not found in bIL170, are already known to share homologous domains with proteins of family III (e.g. gp1000 of Sfi11) . The presence of multiple V domains seems to be a common characteristic in streptococcal and P335-type lactococcal phages, either as domains of a single gene product, as in proteins of group III, or in separate gene products, as in phage Tuc2009 with gp55 (group I) and gp52 (unclassified). This multiplicity, possibly allowing diversity and extension of host range, seems to be worth investigating. Extension of host range was shown to result from duplication within the adhesin of T4 (Tetart et al., 1998) .
What could be host-range determinants in bIL170? In comparing the genetic maps of lactococcal phages of the 936 group and lambda, it is noteworthy that no prediction was made for proteins involved in specific adsorption to the host, except for gpl12 depicted as a putative ' ectopic ' tail fibre (Chandry et al., 1997 ; Desiere et al., 2001) . gpl12 is dispensable for infection of the laboratory host strain, since no homologue was found in the closely related phage sk1, nor possibly in F4-1 (for which only partial genome sequence is available), and since its deletion did not impair phage bIL170 propagation (A.-M. Crutz-Le Coq, unpublished results). Although gpl12 of bIL170 contains a V domain, it clearly does not encode an essential determinant of adsorption, at least on its propagation strain, which is still to be identified. Taking into account the little knowledge we have on gpl12, two simple roles may be hypothesized : it could be an accessory gene product participating directly in a possible extension of host range by recognizing additional cell receptors, such as the Stf fibre of lambda (Hendrix & Duda, 1992) , or it could interact with another partner involved in bacterial cell recognition. For instance, the whiskers of phage T4 that are involved in the assembly and retraction of the long tail fibres, have been proposed to prevent adsorption under certain environmental conditions (Conley & Wood, 1975) . At present, we have no other obvious candidate for a tail fibre with which, gpl12, if really a component of whiskers, could interact. It is worth noting that BBP and NPS (gpl12-like) in TP901-1 may be part of the same functional module not found in lambda (Brondsted et al., 2001) . The exact function of these proteins in the life cycles of the phages is still to be determined and will require more than simply knowing their location in the virion.
Conclusions
bIL170 and sk1, belonging to the 936 group of lactococcal phages, were expected to be closely related at the nucleotide level. Knowledge of both complete genomic sequences reveals the existence of segments of high genetic diversity between the two phages, mainly represented by additional genes (within indels), protein domain shuffling and exchange of genomic segments. This is roughly similar to what was observed for the other group of virulent lactococcal phages (c2) (Lubbers et al., 1995) . The early regions of sk1 and bIL170 are rather divergent, with a total of 15 ORFs (excluding the three putative homing endonucleases) with no detectable homologous counterpart in one or the other phage and 26 homologous ORFs ( 30 % aa identity) in the two phages. In the late cluster, the divergent regions could point out modules specifically involved in host specificity.
Adsorption of tailed phages to bacterial cells may involve different levels of complexity ranging from laboratory strains of phage lambda, possibly representing one of the simplest cases, where the major determinant of host specific recognition is a tail tip protein, to the well-studied phage T4 possessing a complex system involving long and short tail fibres as well as whiskers. Our bioinformatic analysis of multidomain proteins in dairy phages suggests that specific recognition of the cell by these phages may also involve a complex system (which should evolve easily when acquiring new domains) with different partners, some of them likely being fibres. As exemplified by morphogenesis of tail fibres from coliphages (Wood et al., 1994) , we believe that the basal unit of analysis should be the functional module rather than the entire gene products.
